ABSTRACT
I
t is estimated that more than half of youth aged 8 to 16 years participate in at least one organized sport each year, with this figure remaining consistent during the past decade.
1,2 Consequently, approximately 35 million children and adolescents are participating in organized sports each year. 3 Despite the fact that the musculoskeletal system of prepubescent children and adolescents has a greater capacity than that of adults to adapt to additional stress, injuries are a common occurrence. 4, 5 Annually, youth account for 28 million visits in U.S. emergency departments, with "sports" reported to be the leading cause of injury in the age group of 6 to 12 years. [5] [6] [7] [8] [9] Sports-related injuries sustained in youth are predominantly musculoskeletal in nature (eg, sprains, strains, and fractures), with this population accounting for the highest percentage of all musculoskeletal injuries treated in the emergency department. [9] [10] [11] [12] These injuries are commonly reported to occur from overuse, with some reports finding overuse to be the mechanism approximately 50% of the time. [12] [13] [14] [15] The quantity and severity of these injuries are a burden to both patients and the health care system. Therefore, investigation on injury prevention in youth is imperative.
Adding resistance to skeletal muscle tends to lead to positive and predictable adaptations that will allow the muscles, tendons, and bones of the body to withstand increasing amounts of stress, thereby potentially lowering the risk of subsequent injury. 4, 16, 17 Current evidence in adults advocates that resistance training may help avoid, or potentially absorb, both overuse and traumatic sports-related injury, and the benefits of resistance training far outweigh the risks. [18] [19] [20] Therefore, it stands to reason that there is potential for the same effect in the adolescent population.
Although research exists on the ability of resistance training to improve athletic performance in children and adolescents, there has been no systematic review based on methodological quality in this domain to date. Therefore, the purpose of this study was to perform a systematic review of the highest quality of evidence to determine whether resistance training interventions are effective in improving athletic performance in the youth population.
LITERATURE REVIEW
A systematic search of five electronic databases (PubMed, CINAHL, Cochrane, Web of Science, and SPORTDiscus) was conducted between September and November 2015. Unique search strategies were developed for each electronic database (Table A, available in the online version of this article). All English language, peer-reviewed journal articles published between 2003 and 2015 were included for review. Inclusion criteria were randomized control trials that provided a resistance training intervention to a group of typically developing, healthy youth and adolescents (age range: 8 to 16 years) with at least one standardized measure for a variable of athletic performance (sport-specific skill or fitness measure). Reasons for exclusion were as follows: (1) not a randomized control trial study design, (2) not available in English, (3) not peer reviewed, (4) resistance training was not the independent variable, (5) lack of a resistance training intervention, (6) participants not within the age range of 8 to 16 years, (7) no outcome measure for athletic performance, (8) included atypically developing or unhealthy participants, and (9) average Physiotherapy Evidence Database (PEDro) score less than 5.
Initially, all articles were included or excluded by the primary author (ASV) based on the title and abstract. Next, a review team analyzed blinded, full-text articles for inclusion based on methodological quality. The reference list of the included articles was then analyzed for additional relevant articles that met the listed inclusion criteria. The described search strategy is outlined in Figure 1 .
For the purpose of this article, the terms "child" and "children" refer to boys and girls who have not yet developed secondary sex characteristics (up to ap- Tanner stages one and two of sexual maturation). The term "adolescent" refers to the period between childhood and adulthood (up to approximately 18 years of age for both genders: Tanner stages three and four of sexual maturation). The term "youth" is broadly defined to include both children and adolescents. In addition, "resistance training" is defined as exercise that incorporates external resistance, whereas "sportspecific skill" is defined as a movement or action that is unique to the requirements of a specific sport (ie, tennis serve accuracy).
Pediatric research in this domain uses chronological age and/or sexual maturation as measurements of participants' physical development. Despite our preference to classify participants based on sexual maturation, because age is often a poor indicator of physiological maturity in youth, the inclusion criterion of chronological ages 8 to 16 years was chosen to include as much of the available literature as possible and to incorporate both pre-adolescents and early-stage adolescents.
Methodological Quality Evaluation
The PEDro scale has been determined to be a reliable measure in rating the methodological quality of randomized control trials. 21, 22 This scale scores 11 items to evaluate methodological quality of intervention studies, 10 of which are evaluated on a yes (1) or no (0) basis. A score of 6 or greater has been established to signify a high quality study design. 22 To maintain consistency and limit bias, a review team of certified professionals familiar with qualifying evidence-based literature reviewed all included articles. This team consisted of three different professionals currently practicing in their chosen field: an athletic trainer (KAW), a physical therapist (MS), and a youth strength and conditioning specialist (LNM). Each met with the lead author (ASV) to ensure he or she knew how to use the PEDro scale. The review team was then given a test article of a different subject matter to determine their competency at using the scale and to help ensure consistency. Their results were gathered and then disseminated to the review team with additional feedback to ensure complete understanding of the scale and to promote inter-rater consistency.
The three professionals independently read and rated all articles that met the inclusion criterion. All titles, journal names, and author names were removed from the articles to help prevent bias. A score of 6 or greater has been validated for the PEDro scale. However, due to the challenge inherent in blinding treatment groups for resistance training, the authors chose to eliminate this criterion on the PEDro scale. Thus, articles were deemed acceptable with a score of 5 or greater. When at least two of the three raters gave an article a score of 5 or greater, the article was included. Conversely, when at least two of the three raters gave an article a score of less than 5, the article was excluded. Average PEDro scores are reported in Figure 2 .
RESULTS
A total of 496 articles were found through the described search. After exclusion criteria were applied and methodological quality was assessed, 21 studies were included in the review (Figure 1 ). Each study included fitness outcomes as measures of athletic performance. Of those, 6 studies incorporated an outcome measure for a sport-specific skill. [23] [24] [25] [26] [27] [28] A greater number of studies evaluated males alone (8 studies) compared to females alone (3 studies). Four studies included both sexes, whereas six studies did not disclose participant sex. The following modes of resistance training were performed among the included studies: free weights, medicine balls, resistive bands, sport-specific equipment, and pulley/weight machines. The following fitness measures were examined: strength (13 studies), power (12 studies), running speed (7 studies), sport-specific skill (6 studies), endurance (5 studies), and change-of-direction agility (2 studies). The length of intervention ranged from 4 weeks to 2 years (duration: < 8 weeks [5 studies], 8 to 12 weeks [11 studies], 13 weeks to 6 months [3 studies], and 2 years [2 studies]). The most common frequency and duration pairing was two sessions per week for 8 or 12 weeks. Most studies indicated that supervised resistance training significantly increased power, strength, endurance, running speed, and sport-specific skills in youth when compared with a lack of resistance training and/or sport-specific training alone. Individual study findings are reported in Table B (available in the online version of this article). Due to heterogeneity of intervention and outcomes, pooling of data for metaanalysis was not possible.
Strength
Thirteen of the included studies assessed strength. 23, 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Regardless of the equipment used, all Resistance Training/Vesci et al studies that included this outcome demonstrated a significant increase in muscular strength in the trained extremity when compared to a non-resistance training control group. Five of the included studies compared a group that performed resistance training and sport-specific training to a group that completed only sport-specific training. 23, [30] [31] [32] 36 Two of these five studies included a third group that did not perform sports or resistance training activities to control for natural development. 23, 32 The results of these studies indicate that both sportspecific training alone and the addition of resistance training lead to significantly increased strength gains when compared to a control group that completed neither activity. Resistance training combined with sport-specific training resulted in significantly greater strength gains than sport-specific training alone.
23,32

Power
Twelve of the included studies assessed power. 23, 25, [27] [28] [29] [30] 33, 37, [40] [41] [42] [43] Nine studies measured lower extremity power, whereas five studies measured upper extremity power. Lower extremity power was most commonly measured by vertical or horizontal jump height, and upper extremity power was most commonly measured by throwing velocity. Regardless of the extremity tested, 11 of the 12 studies demonstrated a significant increase in muscular power when compared to a non-resistance training control group. 23, 25, 27, 28, 30, 33, 37, [40] [41] [42] [43] Four of the 12 studies compared a group that performed resistance training and sport-specific training to a group that completed only sport-specific training. 23, 30, 41, 43 All four of these studies found that resistance training significantly improved power outcomes compared to sport-specific training alone. The effect of sport-specific training alone on power is unclear because the sport-specific training group's performance on post-test power outcomes varied between studies.
Running Speed
Seven of the included studies assessed running speed. 23, 27, 33, 36, [40] [41] [42] Two studies compared a group of healthy boys who were unfamiliar with resistance training to a control group that completed no activity, and both studies found that resistance training significantly improved running speed. 27, 42 The other five studies were performed on soccer players who were divided into a resistance training group and a control group, with all participants concurrently participating in soccer. 23, 33, 36, 40, 41 These studies indicated that soccer training alone did not increase running speed, but the addition of resistance training to soccer training did lead to significant gains in running speed in three of the five studies.
23,27,33
Sport-Specific Skill
Six of the included studies assessed sport-specific skill. [23] [24] [25] [26] [27] [28] Specifically, the skills included soccer technique testing, soccer overhead throw velocity, overhand baseball pitch velocity, javelin ball throwing velocity, tennis serve velocity, tennis serve accuracy, and basketball chest pass distance. Five studies found an increase in sport-specific skill, [24] [25] [26] [27] [28] whereas one study found no significant difference in skill. 23 Of the six studies, only two studies had players who were concurrently participating in sport. 23, 26 These results indicate that resistance training alone can improve sport-specific skills.
Endurance
Five studies assessed endurance. 29, 38, [40] [41] [42] Of these, four studies had players concurrently participating in sport. 38, [40] [41] [42] Endurance was measured using multiple outcomes across the studies. Three studies measured cardiovascular endurance: two studies used staged maximal aerobic running tests and one study measured blood lactate levels after a staged submaximal running test. [40] [41] [42] Two studies measured localized muscular endurance: one study measured a 15-repetition maximum on a leg press and the other study calculated "fatigue index" for scapular protraction. 29, 38 Two studies found significant improvement in endurance outcomes, whereas three studies found no change or a decrease in endurance performance. The three studies that found no significant improvement in endurance outcomes were comparing resistance training to a running/ endurance training control group. 38, 40, 42 The results of these studies showed that resistance training significantly improved both cardiovascular endurance performance in staged maximal aerobic running and localized muscular endurance, but did not significantly improve outcomes when compared to endurance training.
29,41,42
Change-of-Direction Agility
Two of the included studies assessed changeof-direction agility. 23, 32 Both studies examined two groups that completed soccer training, with one group additionally performing resistance training. One of the studies included a third group that did not perform sports or resistance training activities to compare for natural growth. 23 Changeof-direction agility was measured differently in each study: a shuttle run test versus a change-of-direction sprint test. In both studies, both groups significantly improved change-of-direction outcomes with no difference between groups. This indicated that soccer training alone could increase change-of-direction agility with no significant additional benefit from resistance training. More evidence is required to determine the effect of resistance training on changeof-direction agility.
Detraining
Two of the included studies reexamined outcomes after a 12-week period of detraining. 27, 42 Both studies asked participants to refrain from all physical activity beyond normal daily activities during this period. The results of both studies showed that ceasing all training led to regressing athletic performance gains back toward baseline in strength, power, and endurance. However, in both studies, most outcomes were still improved in the resistance-trained group compared to the control groups, indicating a slower rate of decay.
27,42
Injury Reporting
Five of the included studies reported no participant injury or drop-out secondary to injury from participation in the study. 25, 27, 29, 31, 35 None of the remaining articles reported participant injury or drop-out rates.
DISCUSSION
The results of this review suggest that adding a resistance training program to youth sports-related activities appears to lead to physiological improvements on virtually all measured outcomes. It is important to note that the act of resistance training alone does not guarantee optimal gains in fitness outcomes. Program design, intensity, effort, and qualified instruction are important variables that need to be incorporated appropriately to limit the risk of injury with participation and maximize the targeted improvement. Unfortunately, recommendations on program design prove to be difficult to extrapolate from the articles included in this review because the studies implemented varying program designs (ie, mode of resistance, parameters, and progression criteria). Multiple studies used more than one mode of resistance within their program, and some studies progressed participants based on their increasing ability, whereas others did not. Positive outcomes generally occurred across all studies reviewed despite large variances in program design, indicating that varying program designs can result in improved performance. Some studies have examined specific program design variables and made recommendations for parameters, but based on the variability of anthropometric characteristics during puberty in adolescents, it is clear that initial program intensity and progression should be determined based on individual physical characteristics and abilities. 16, [44] [45] [46] [47] To date, no evidence indicates that resistance training is any riskier than simply participating in youth sporting and recreational activities, and the studies that have measured or commented on the risk of resistance training in youth have placed resistance training at a significantly smaller risk than simply participating in organized sports. 16, 45, 48, 49 The minimal risk of resistance training paired with the positive results noted in this study urge youth to incorporate resistance training into their regular activity.
Many established scientific pediatric and youthfocused research studies are recommending resistance training for both children and adolescents. 16, [46] [47] [48] [50] [51] [52] Despite the numerous publications and position statements encouraging resistance training in this population, child and adolescent sports-related reported injuries are strikingly high. This suggests that barriers may exist in either the awareness or the implementation of resistance training programs in this population.
Resistance training has been found to have a positive effect on bone mineral density in adolescents, [53] [54] [55] [56] with improvements noted in as little as 4 weeks. 56 Current observations suggest that childhood and adolescent years may be the opportune time for bone modeling and remodeling. 45, 46 Given that fractures are one of the leading injuries in youth, the ability of resistance training to increase bone density and tensile/compressive forces may potentially decrease bone injury rates and should be investigated in future research. In addition, there
Resistance Training/Vesci et al has been no documented detrimental effect of appropriately designed resistance training programs on linear growth in children and adolescents. 57, 58 A major limitation of nearly every study in this area is the lack of control for work endured by the participants (ie, workload) in both the experimental and control groups. Clearly, the evidence suggests that an increase in workload through resistance training results in an improvement in the previously identified performance outcomes. However, whether the cause of these improvements is due solely to the resistance training or the increase in workload by the participants cannot be determined. For example, Ettema et al. 25 examined throwing velocity after an 8-week upper extremity pulley resistance training program and compared it to a throwing-only program of equal workload in elite handball players. The investigators controlled for workload by calculating the respective number of throws with the corresponding weights to determine a consistent force on the body (impulse). Their results yielded no significant difference between groups; however, each group significantly improved in upper extremity strength.
Moreover, van den Tillaar et al. 28 examined throwing velocity of different weighted balls (soccer ball and 1-kg and 3-kg medicine balls) while varying throw counts with respect to ball weight to control for workload in three groups of high school students. These results mirrored Ettema et al.'s, 25 demonstrating significant improvements for the soccer and 3-kg medicine ball groups in throwing velocity. Interestingly, a secondary finding of van den Tillaar et al.'s 28 study identified that the resistance training groups demonstrated significantly higher throwing velocity with the 1-kg medicine ball compared to the group that only trained with the soccer ball. Because the investigators controlled for workload, this finding suggests that either resistance training or some previously unexamined variable other than workload may result in this performance increase.
Regardless of the influence of workload on current research in this area, these results suggest that resistance training might be a more efficient way to train (performing 18 throws on a pulley versus 81 throws with a handball yielding statistically similar gains). Therefore, incorporating resistance training could create an opportunity for greater workload to be performed within a given training session.
CONCLUSION
Supervised resistance training significantly increases power, strength, endurance, running speed, and sport-specific skill within the youth population when compared to a lack of resistance training and/or sport-specific training alone. Although there is sound reasoning by multiple authors to support the correlation between resistance training and injury prevention, future research is needed to determine whether fitness gains actually affect injury rates in this population.
Although 21 studies met our minimum requirement of methodological quality, the average PEDro score among them was 5.2. This low average demonstrates a potential for improvement in study design among this series of studies. Future research should consider the following in regard to study design: account/control for total work performed between groups, classify participants by physiological maturity, initiate and progress training programs based on individual ability, include outcomes of athletic performance beyond fitness measures, use blind assessors measuring outcomes, and include reporting injury and drop-out rates. Future research should also aim to examine the following: outcomes in relation to body weight, the rate of detraining, and the effects of a retraining/maintenance program. This information will help to further validate and quantify the benefits of resistance training and to potentially support lower-cost maintenance resistance training programs.
Health care providers, strength and conditioning coaches, and personal trainers should feel confident recommending and leading resistance training exercises in children and adolescents for improvement in both fitness and sports performance. Program design, intensity, and exercise selection should be initially determined, and subsequently progressed, based on the capacity of the athlete and the physical demands of the sport.
